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Abstract
The aim of this chapter is to shed light on the effects of grain boundary segregation 
on microstructural evolution in nanostructured metallic materials as well as on their 
mechanical properties. Several key topics will be covered. First, a brief explanation of 
mechanical stress-driven grain growth in nanostructured Al, Ni, and Cu thin films will be 
provided in terms of a deformation mechanism map. It will become clear that the excess 
energy of grain boundaries enable the nanostructured metals to suffer from significant 
microstructure evolution via dislocation-boundary interactions during plastic deforma-
tion even at room temperature. Manipulation of grain boundary structures/properties 
via dopants segregation at grain boundaries to inhibit grain coalescence associated with 
remarkably enhanced mechanical properties is then discussed in three representative 
binary Cu-based systems, i.e., Cu-Zr, Cu-Al, and Cu-W. This is finally followed by a 
summary of this chapter.
Keywords: nanostructured materials, mechanical properties, grain boundary 
segregation, grain growth, twinning
1. Introduction
The nanoscaled internal features, in which two quantities, i.e., the characteristic length and the 
size parameter likely overlap, render the conventional deformation mechanisms and size laws 
often break down and even be reversed in nanostructured (NS) metallic materials, includ-
ing nanocrystalline (NC) and nanotwinned (NT) materials [1–3]. Indeed, for many purposes, 
making the crystals as small as possible provides significant advantages in performance, but 
such materials are often unstable: The crystals tend to merge and grow larger even at room 
temperature (RT) [4–7]. To suppress the nanograin growth and maintain the nanoscale micro-
structure, two approaches can be adopted [8–15]: (i) Thermodynamic approach: reduction 
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of the driving force for grain growth by segregation of the solutes at the grain-boundaries 
(GBs), (ii) Kinetic approach: reduction of the GB mobility, by e.g., porosity, solute atoms, and 
precipitates at the GBs, which impose drag forces.
In this chapter, first, a brief introduction of mechanical stress-driven grain growth in NS Cu 
and Ni thin films/foils as well as their mechanical properties will be provided in terms of size-
dependent deformation mechanisms. Subsequently, dopants segregation at GBs to hinder 
grain coarsening and enhance mechanical properties via the alloying method is discussed in 
three representative binary Cu-based systems, i.e., Cu-Zr, Cu-Al, and Cu-W.
2. Synthesis, microstructural characterizationw and mechanical tests
The synthesis of NS metallic thin films can be achieved by several bottom-up techniques, such 
as physical vapor deposition (PVD) and electrodeposition (ED), in which the choice of deposi-
tion conditions has a tremendous influence on the microstructural features and mechanical 
properties of these NS metallic films/foils.
PVD is the most common approach to fabricate metallic thin films/foils, including evapora-
tion, sputtering, and less commonly molecular beam epitaxy [16, 17]. Compared with other 
methods, magnetron sputtering (MS) can clean the substrate by “backsputtering” and gener-
ate greater impact angles of the sputtered atoms onto the substrate, resulting in smaller sur-
face roughness of the film by covering the defects and/or step on the substrate [17]. Although, 
MS increases the possibility of crystal damage due to high impact energies of sputtered atoms, 
it is still the most widely used method to prepare thin films.
ED is a technique within the broader group of electrochemical synthesis methods and uses 
an electric current to deposit pure metals from an aqueous, electrolytic solution [18, 19]. 
Compared with PVD, ED offers a lower cost and faster low-temperature deposition method. 
It displays remarkable advantages to synthesize highly dense NC materials with (1) few size 
and shape limitations, (2) tunable microstructural size parameters, and (3) hierarchical struc-
tures, e.g., a bimodal grain size-distribution [20] and NT grains [21], providing potential ben-
efits to mechanical performance. Especially, these nanotwins improve both the mechanical 
strength and ductility, yet maintain high electric conductivity [22].
The crystalline structure, orientation, and grain boundaries within metallic thin films could 
be experimentally probed by suitable techniques, including X-ray diffraction (XRD), scanning 
and transmission electron microscopy (SEM and TEM), combining with other more superior 
appurtenances, such as the electron backscattered diffraction (EBSD) system and the preces-
sion-enhanced electron diffraction (PED) system. The chemical conuration of the materials 
can be characterized by the energy dispersive X-ray (EDX) and the powerful 3-D atom probe 
tomography (APT).
Due to the difficulty in performing the mechanical tests on the free-standing metallic thin 
films often with thickness of roughly 1 µm or less, researchers put great emphasis on the sub-
strate-supported thin films. For example, the tensile ductility and fatigue lifetime of metallic 
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thin films on flexible substrates, both of which are characterized by the critical strain to nucle-
ate microcracks [23, 24], can be determined by a Micro-Force Test System (MTS® Tytron 250) 
at RT. By contrast, the strength/hardness and modulus of thin films on rigid substrates can 
be measured using instrumented nanoindenter apparatus (e.g., TI950 TriboIndenter, Nano 
XP) often equipped with a standard Berkovich tip and a diamond flat punch. In what fol-
lows, we will mainly concentrate on the mechanical properties of substrate-supported metal-
lic (alloyed) NS thin films.
3. Microstructure-mechanical properties correlation of nanostructured 
pure FCC metals
This section is divided into three subsections. The subsection on size-dependent deformation 
mechanisms is introduced based on a deformation-mechanism map. Microstructural evolu-
tion, in particular, the steady-state grain size, is then discussed in terms of a dislocation-based 
mechanism. The mechanical properties subsection contrasts yield strength, ductility, strain-
rate sensitivity, and fatigue lifetime in NS metals.
3.1. Size-dependent deformation mechanisms
In coarse-grained (CG) metals (grain size d ≥ 1 µm), deformation of the material is believed 
to occur through the generation and motion of dislocations within the individual grains. As 
the grain size decreases, it is normally expected that with GBs now occupying a significant 
volume fraction of the material, deformation proceeds by a mechanism that is intergranular 
rather than intragranular in nature.
Yamakov and colleagues [25] constructed a deformation mechanism map in NC FCC metals 
using information obtained from molecular dynamics (MD) simulations (see Figure 1), reveal-
ing how the crossover with decreasing d from dislocation-driven to GB-mediated deformation 
depends on the stacking-fault energy (SFE, γ
sf
), the elastic properties of the material, and the 
magnitude of the applied stress. This deformation map can be divided into three regions in 
light of the competition between the grain size d and the dislocation splitting distance r. Region 
I encompasses larger d and/or higher γ
sf
, where plastic deformation is dominated by full (per-
haps extended) dislocations that nucleate from GBs and propagate across grains. Region II 
involves smaller d and/or lower γ
sf
, where partials nucleate and propagate across grains, asso-
ciated with production of stacking-faults (SFs) that inhibit subsequent dislocation motion and 
induce strain hardening. Region III corresponds to the smallest d or lowest stress regime, where 
no dislocations are present and deformation is dominantly controlled by GB-mediated mecha-
nism, resulting in an inverse H-P effect. Although these MD simulations performed at unrealis-
tically large strain rates (107–109 s–1), their findings agree well with the experiment observations 
about the transition from full dislocations to partials and finally to GB-mediated processes.
Where do dislocations in NC metals go if they are the dominant plastic carriers? Actually, 
in the MD simulations, a key deformation process is dislocation nucleation at a GB, glide 
across grain interiors that are free of obstacles, and are absorbed by the opposite GB [26, 27]. 
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Both in situ and ex situ experiments have unambiguously demonstrated that the reversible 
motion of dislocations emitted from GBs accompanied with weak storage even starvation of 
dislocations in grain interiors in deformed NC FCC metals, leaving behind deformation twins 
(terminated at GBs) and SFs in general at upper and lower nanoregime, respectively [28–34]. 
In this context, GBs act as dislocation sources as well as sinks.
In parallel, several theoretical models have been proposed to predict the crossover grain size 
(d
C
) between emitted full dislocations and partials from GBs and explain the twinning behav-
ior in NC metals. A simple, realistic model based on dislocations emission from GBs was 
constructed by Asaro et al. [35], in which the critical stresses needed to move a full dislocation 
and a partial are described respectively as follows:

















where μ is the shear modulus, b is the magnitude of Burgers vector of full dislocations, and γ
SF
 
is the stacking fault energy (SFE).
Figure 1. A deformation-mechanism map incorporating the role of the SEF for FCC NC metals at low temperature. 
The map shows three distinct regions in which either complete extended dislocations (Region I) or partial dislocations 
(Region II), or no dislocations at all (Region III) exist during the low-temperature deformation of FCC NC metals. The 
map is expressed in reduced units of stress (σ/σ∞) and inverse grain size (r0/d).The parameters σ∞ and r0 are functions of the SEF and the elastic properties of the material. Figure is taken with permission from Ref. [25].
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The slip of partials in general triggers the formation of deformation twins and SFs that con-
tribute to the plastic deformation of NC FCC metals. There is a double-inverse grain size effect 
on deformation twinning in NC metal with respect to the normal Hall-Petch (H-P) d-depen-
dence, as uncovered in Ni [30] and Cu [31]. This nonmonotonic d-dependence of twinning is 
explained by Zhang et al. [31] via the stimulated slip model, involving the competing grain 
size effects on the emission of the first partial, and the plane-to-plane promotion of partial 
slip afterwards. Though this model was originally proposed to explain the H-P d-dependent 
twinning in CG metals (e.g., Ti), latter in situ TEM observations in stretched Au nanowires 
clearly demonstrated the stimulated slip of partials is operative at nanoregime [36]. Actually, 
just opposite to the trend of twinning, its reverse process, i.e., detwinning, also manifests the 
double-inverse d-dependence, as revealed in NT Ni [37].
It is conceivable that GB-mediated deformation become more important in NC metals due 
to a high density of GBs [38, 39]. Typically, this is expected to occur for grain sizes below 15 
nm for most metals [38], because ordinary dislocation plasticity requires prohibitively high 
stresses to switch on, predicted from Eqs. (1) and (2). In this regime, GB-mediated deforma-
tion leads to material’s softening or the so-called inverse H-P effect [40]. Given the perva-
sive dislocation nucleation and motion still prevails in such a small size-range, Carlton and 
Ferreira [41] established an elegant model based on the statistical absorption of dislocations 
by GBs to explain the inverse H-P effect, showing that the yield strength is dependent on 
strain rate and temperature and deviates from the H-P relationship below a critical grain size.
Building on these insights from NC metals, it is unexpected that Cu, even high SFE Ni, with 
submicron grains and a high density of nm-scale twin boundaries (TBs) exhibit the soften-
ing behavior deformed at RT. As a matter of fact, in NT FCC metals, the TBs not only serve 
as deformation barrier for dislocation transmission but also serve as dislocation sources as 
well as sinks [21, 42, 43]. Concomitantly, NT metals, e.g., Cu, also exhibit the size-dependent 
deformation mechanisms that transit from dislocation nucleation from steps on the TBs to TB/




~18 nm for Cu [43], as shown in Figure 2. 
At this point, the classical H-P type of strengthening due to dislocation pile-up and cutting 
through twin planes transforms to a dislocation-nucleation controlled softening mechanism 
with TB migration resulting from nucleation and motion of partials parallel to the twin planes 
[44]. This mechanism transition size is quantitatively consistent well with the strongest size of 
~15 nm determined by mechanical tests [21].
To summarize, NC metals exhibit size-dependent deformation mechanisms at different size 
regimes that involve GBs as the primary sources and sinks for dislocations as well as dif-
fusive and sliding phenomena, that is to say, the size-dependence itself manifest strong size 
effects. This would inevitably affect the microstructural evolution and mechanical properties 
addressed below.
3.2. Microstructure evolution in nanostructured metals
Understanding the underlying physical mechanisms of grain growth/refinement in materials, 
in particular, for NT metals with simultaneous high strength and good ductility, to manipu-
late their microstructural stability for performance optimization is a grand challenge in the 
material community. It is well realized that the CG metals would shrink their grains, whereas 
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the NC metals often coarsen their grains during plastic deformation even at low temperature. 
Similar phenomena were observed in NT metals and alloys, such as Cu. Therefore, it is natu-
rally anticipated that for a metal it has a steady-state grain size (d
S
) during plastic deforma-
tion, which was previously taken granted as a characteristic of each metal.
3.2.1. Steady-state grain size
So far, the steady-state grain sizes of metals have been thoroughly modeled in terms of vari-
ous physical parameters by Mohamed [45] and further analyzed by Edalati and Horita [46] 
with respect to atomic bond energy and related parameters. The usage of applied stress (σ
a
) 
in Mohamed’s model [45] renders the roles of average internal stresses (σ
i
) driving recovery 






) driving dislocation motion played in microstructural 
evolution during plastic deformation are indistinguishable. This treatment would miss some 
critical information about the physical mechanism(s) for microstructural evolution, which 
is unfavorable for us to design an engineering material with the steady-state grain size via 
tuning their initial microstructures and/or processing parameters. In the light of competition 







and coworkers [47] most recently constructed a new dislocation-based model to describe the 
steady-state grain size d
S
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Figure 2. (a) Statistical distribution of two types of dislocations in NT Cu with different TB spacing λ during in situ 
deformations (left, figure is taken with permission from Ref. [43]). (b) Yield stress of NT Cu as a function of TB spacing 
λ at different grain sizes (right, figure is taken with permission from Ref. [44]).
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where C is a stress-dependent coefficient in-between the growth rate C
1
 and the refinement 
rate C2, and a useful representation of the coefficient C as a function of σe, consisting of C1 
and C2 below and above the internal stress σi, respectively, is  C = (( C 1 +  C 2  ) / 2 ) − (( C 1 −  C 2  ) / 2 ) erf(( 
σ 
e
 −  σ 
i
  ) / Δ ) , Δ is a measure of the extent of the transition region, M is the Taylor factor, μ is the 
shear modulus, υ is Poisson’s ratio, ϕ is the misorientation angle between neighboring grains, 
ω represents the linear atomic density of the dislocation line, f is the number fraction of nano-
twins, and K is a constant (K = 1 for screw dislocations and K = (1 − υ) for edge dislocations). 
This model captures well with the steady-state grain size d
S
 obtained from free-standing NS 
Ni foils with λ = 38 nm at the steady-state creep stage tested at RT, as shown in Figure 3. 
Interestingly, by postmortem transmission electron microscopy (TEM) observations, Li et al. 
[47] uncovered that the ED NT Ni foils (with a strong (111) peak and followed by (200) and 
(311) peaks) prefer to display grain coalescence at low stress ratios η
Stress
 < 1, while they prefer 
to display grain refinement at stress ratios η
Stress
 > 1 during the creep test. When the effective 
stress balances the internal stress, i.e., η
Stress
 = 1, these NT Ni foils sustain the stable microstruc-
tures. Note that the stress ratio itself is strongly temperature- and strain rate-dependent, in 
that the internal stress σ
i
 has contained the contribution of the thermal component. In their 
work, the grain refinement/growth in the NT Ni is achieved by twinning- or detwinning-
mediated mechanism via dislocation-boundary interactions. Similar phenomena in cyclically 
compressed bulk NC Cu with an initial d of ~25 nm and in fatigued ultrathin Au thin films 
with an initial d of ~19 nm were observed by Hu et al. [34] and Luo et al. [48], respectively, 
at RT. The underlying reasons for grain growth are the excessive energy of GBs/TBs and ran-
domly orientated grains [49] in these Ni and Cu nanostructures synthesized by the nonequi-
librium deposition.
3.2.2. Mechanisms of grain growth and grain refinement
Traditionally, mechanistic descriptions that have been developed to describe NC metals 
have generally considered the GBs to be stable and immortal obstacles to dislocation motion, 
whereas there are numerous evidences that suggest that this is not always the case [4–7]. Such 
materials are often unstable: The NC grains tend to merge and grow larger as subjected to heat 
or stress. Indeed, in situ nanoindentation of ultrafine-grained (UFG)/NC Al films deposited 
on specially designed Si wedges demonstrated rapid GB migration and coalescence during 
deformation [4]. Another representative study has reported the grain growth of UFG/NC Cu 
near the indented region during microhardness testing at both cryogenic temperature and RT 
by Zhang et al. [5]. They surprisingly uncovered that the grain growth was found to be faster 
at cryogenic temperature than at RT, implying that the grain coarsening process is driven 
primarily by stresses rather than diffusion. Gianola et al. [6, 7] concluded that stress-driven 
grain growth appears to have preceded dislocation activity and involved GB migration and 
grain coalescence and becomes an active RT deformation mode in abnormally ductile NC 
Al thin films, based on coupled microtensile thin-film testing, in situ synchrotron diffraction 
experiments, and postmortem TEM observations. However, the twinning-mediated grain 
grow mechanism unveiled in stretched NT Ni [37, 47] and compressed NT Cu [34] is radically 
different from these grain growth mechanisms aforementioned above.
Figure 4 shows the atomic evidence of twinning-mediated grain growth in NT Ni, essen-
tially being the consequence of nanotwin-assisted GB dissociation and local grain coarsening. 
Because the localized misorientation between two adjacent grains G1 and G2 can be reduced 
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Figure 3. (a) Calculated steady-state grain size ds as a function of average effective stress σ
e
 in nanograined Ni with 
different twins’ fraction f (a) and twin thickness λ (b). Figure is taken with permission from Ref. [47].
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by twinning, leading to some parts of G1 being transformed into G2, thus some localized 
segments of GB coalesce and disappear, see Figure 4(b) and (c). Consequently, the repetitive 
formation of nanotwins induces some local segments of a high-angle GB are transformed into 
low-angle GB segments by storage of residual dislocations generated from dislocation reac-
tions [37]. These recurrent interactions between partials/twins and GBs would facilitate the 
two adjacent nanograins to gradually coalesce into one larger grain with nanotwins. Moreover, 
there is a great possibility for the present mechanism to occur in G1/G2 with different mutual 
misorientation (ϕ) through the rotation around four typical low-index symmetric axes <hkl>, 
in particular, for ϕ<111> (ϕ = 0–10°, 50–70°, 110–130°, and 170–180°) and ϕ<110> (ϕ = 0–10°, 
29–48.9°, 60.6–80.5°, 99.5–119.4°, 131.1–151°, and 170–180°) [48], as shown in Figure 4(d).
Figure 5 displays the TEM observation of detwinning-induced refinement of grains in NT Ni, 
achieved by interplay between partials and primary TBs. Two typical examples of the interac-
tions are presented in Figure 5(b) and (c). It appears that the atomic arrangement is distorted 
at the intersection region of twins, see Figure 5(b). The presence of SFs in the primary twin 
implies the gliding of partials created by dislocation-TB reactions [50]. In Figure 5(c), these 
Shockley partials glide parallel to the CTB, rendering detwinning of the primary twin, as 
observed in the twins crossed region of R4. As deformation proceeds, these partials stimu-
late twinning process, resulting in twin interactions to produce abundance of sessile disloca-
tions. As a consequence, CTBs lose their coherency and transform into conventional GBs [51]. 
Obviously, this mechanism is parallel with other mechanisms for nanoscale structural refine-
ment via twin/matrix lamellae in various FCC metals are identified, such as fragmentation of 
T/M lamellae, twins intersection, and shear banding [52].
3.3. Size effects on the mechanical properties
Mechanical properties of nanoscale structures are well known for deviating from their CG 
counterparts, exhibiting size effects across a wide range of properties. These NS metallic 
Figure 4. The TEM images showing nanotwin-assisted grain growth occurred among three grains (labeled as G1, G2 
and G3, respectively) in NT Ni after creep. (b) is the magnified view of blue rectangular region in (a) and (c) is the 
magnified view of yellow rectangular region in (b) showing grain coalescence between G1 and G2 (left, figure is taken 
with permission from Ref. [47]). (d) Possibility for nanotwin-assisted grain coalescence. Possible misorientation angle 
(φ) suitable for nanograins G1 and G2 coalescence induced by the present nanotwin-assisted mechanism under different 
rotation axes <hkl> (right, figure is taken with permission from Ref. [48]). The inset shows all the misorientation angles 
among grains and twins.
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materials generally fall under the banner of “smaller is stronger.” The result of this size effect 
is that NS thin films often exhibit mechanical properties of an increased magnitude: typically 
the yield strength, strain rate sensitivity (SRS), and fatigue lifetime all increase with respect to 
the accepted bulk values.
3.3.1. Strength and ductility
A striking feature of NS metals is their extraordinary strength compared to corresponding 
bulk materials. The dependence of measured yield strength σ
y
 of either substrate supported 
[23, 53–57] or freestanding [56] Cu on film thickness h and on grain size d are summarized 
and shown in Figure 6(a) and (b), respectively. It seems that, similar to their bulk NS coun-
terparts, σ
y
 of Cu thin films also monotonically increases with reducing d and shows some-
Figure 5. The TEM images showing the GB formation for grain refinement via detwinning-induced twin interactions in 
NT Ni after creep. Figure is taken with permission from Ref. [47].
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what drop until d reduces down to ~20 nm, as shown in Figure 6(a). In this strengthening 
regime, σ
y
 obeys the empirical H-P relationship, i.e., σ
y
 ∝ d-0.5, at d ≥ ~800 nm. Below this grain 
size, the strength of UFG/NC Cu thin films can be well captured by Eqs. (1) and (2). Also, 
Figure 6(b) clearly shows σ
y
 increases with decreasing h down to nanoregime and appears 
to drop slightly between 20 and 50 nm thickness. In general, d trends to scale with h. Thus, 
the strengthening of Cu thin films results from the constraints of both d and h on dislocation 
nucleation and motion.
The attainment of both strength and ductility is a vital requirement for most structural materi-
als; unfortunately these properties are generally mutually exclusive. This general belief holds 
true for these NS metallic thin films/foils, such as Cu and Ni. For example, Niu et al. [23] 
studied the tensile ductility of NC Cu thin films with thickness spanning from 60 to 700 nm by 
characterizing the critical strain to nucleate microcracks, and revealed the fashion of “smaller 
is stronger and smaller is less ductile.” The limited tensile ductility in NS thin films can be 
ascribed to the lack of strain hardening and grain geometry. In particular, the NC thin films 
with columnar grains are more favorable to exhibit quite limit uniform tensile elongation, 
because the insufficient room in NC grains does not permit involving intragranular disloca-
tion interaction and entanglement and cracks are easier to propagate along columnar GBs 
[58]. This intrinsic limitation promotes plastic instabilities such as necking or cracking.
By far, three available strategies are presented that demonstrate enhancement of ductility in NC 
metals, including engineering grain-size distributions [59], embedding growth nanotwins [21], 
and designing high twinnability NC metals [60]. Gianola et al. [6] has uncovered that the stress-
assisted grain growth has a dynamic effect on the macroscopic mechanical properties of free-stand-
ing NC Al thin films; extended ductility can be realized along with a concurrent loss in strength 
in comparison to tests in which no grain growth was observed. Therefore, this twinning-mediated 
grain growth mechanism unveiled in NT Ni [37, 47] seems to synergically combine the merits of 
(deformation/growth) nanotwins and grain growth mentioned above, being a novel and promis-
ing method to enhance the tensile ductility of NS metals for their performance optimization.
Figure 6. The dependence of yield strength of Cu thin films as a function of (a) grain size d and (b) film thickness h. The 
lines in (a) are predictions of yield strength from the H-P relationship, partial dislocation model (Eq. (1)) and full/perfect 
dislocation model (Eq. (2)), respectively.




The plastic deformation kinetics in NS metals could be investigated to shed light on the 
strength-ductility tradeoff. It is well known that a material’s strain rate dependence is usu-
ally quantified through the power law relationship:  σ =  σ 0   ε ˙ m [61]. The strain-rate sensitiv-ity (SRS) of a material can be characterized by two key kinetic signatures of deformation 
mechanisms, i.e., SRS index (m) and activation volume (V*), both of which correlated via the 
expression  m =  ∂   ln  ( σ )  ______∂   ln  ( ε ˙)  =  
 √ __ 3     k B  T
 
____
σ  V *  . The former characterizes the rate-controlling process, while the latter characterizes deformation kinetics in a metal. From a series of experiments, the 
SRS m is summarized Figure 7(a) and (b) for UFG/NC nontwinned [62–69] and NT [37, 70, 
71] FCC metals (i.e., Cu and Ni). Figure 7(a) shows that m for several typical small-scaled 
Cu materials (e.g., NC Cu, single and multicrystalline Cu micropillars) increases monotoni-
cally with decreasing their size parameters, with m > 0.01 for small-scaled NS Cu. This trend 
is similar to the d-effect in other nontwinned FCC metals, such as Ni [64–67], and to the 
λ-effect in NT Ni foils [37, 71] and bulk NT Cu [70] that are presented in Figure 7(b). The 
large m achieved in both cases can facilitate suppressing localization at high deformation 
rates. In contrast, the BCC metals in general exhibit the reduced m with decreasing d [62, 72]. 
The fundamental difference between FCC and BCC metals can be attributed to their differ-
ent dislocation core structures.
Insight into the dominant deformation mechanism is often interpreted in terms of the values 
of activation volume V* for plastic deformation. In CG FCC metals, a typical rate-determining 
process, such as the intersection of forest dislocations, gives a large V* of the order of several 
hundred to a few thousand b3 [61, 70]. At another extreme, GB sliding or GB diffusion medi-
ated creep (Coble creep) gives a small V* of less than 1b3. When the V* is between 1b3 and 100b3, 
the rate process typically involves cross-slip or dislocation nucleation from boundaries [70]. 
Recent findings have shown that there is linear relationship between the activation volume V* 
and size parameters, such as grain size d, twin thickness λ and pillar diameter ϕ in the log-log 
plots [68, 69].
Figure 7. Strain-rate sensitivity of FCC Ni and Cu metals as a function of (a) grain size (d) or pillar diameter (φ) and (b) 
twin thickness (λ), summarized from available literatures [37, 62–71]. All the curves are visual guides.
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3.3.3. Mechanical fatigue lifetime
The continuing trend of miniaturizing materials in micro- and nanodevices has led to a strong 
demand for understanding the complex fatigue properties of NS thin films to tailor their 
internal features to guarantee their reliability. Zhang and coworkers [57] investigated the 
fatigue behavior of NC Cu thin films with thickness spanning from 60 to 700 nm on compli-
ant substrates by in situ measure the change of electrical resistance with the number of cyclic 
loading, by adopting the method proposed by Sun et al. [24]. Figure 8(a) clearly shows the 
dependence of fatigue lifetime (N
f
) of NC Cu films on h at different strain ranges (Δε). It 
is found that there is a maximum N
f
 at the critical thickness of h = 100 nm, above which N
f
 
monotonically increases with reducing h at a constant Δε. While below this critical thickness, 
Figure 8. (a) Dependence of fatigue lifetime N
f
 on strain range Δε as a function of film thickness h for Cu thin films, 
respectively. (b) A comparison of the relationship of Δε − N
f
 in Cu thin films with different thickness h. Figure is taken 
with permission from Ref. [57].





 decreases with further reducing h. This is caused by the good combination of high strength 
(~1050 MPa) and suitable ductility (~5.5%). Luo et al. [48] recently also pointed out that in 
addition to the potential contribution from the high strength of nanograins (of Au), notable 
improvement in fatigue properties may be closely associated with twinning-mediated grain 
growth. For a given h, a higher Δε leads to a smaller N
f
 of the Cu thin film. Moreover, all Cu 
thin films exhibit the dependence of N
f
 on Δε that could be well described by the well-known 
Coffin–Manson relationship:  (Δε / 2 ) =  ε 
f
   (2  N 
f
  ) C , where ε
f
 and C are the fatigue ductility coefficient 
and exponent, respectively, as shown in Figure 8(b). Accordingly, with reduction in h from 
700 nm with d = 220 nm to h = 60 nm with d = 20 nm, the surface damage morphologies change 
from extrusion/intrusion to intergranular cracks, due to the transition of deformation mecha-
nism from dislocation-based to GB-mediated. In other words, with decreasing size parameters 
the localized accumulation of plastic strains within grains is hindered and the GBs take over 
as the preferred site for damage formation, implying the availability and activation of bulk 
dislocation sources become more limited in NC metals. This is consistent with the postmor-
tem TEM observations by Zhang et al. [73].
4. Grain boundary segregation in nanocrystructured metallic materials
During the past two decades, NS metallic materials have received considerable attention 
owing to their unique, often desirable properties for engineering applications, whereas they 
manifest two adverse properties: low ductility and microstructural instability as mentioned 
earlier. This is because the high energy GBs associated with high mobility can absorb abun-
dant dislocations, resulting in low dislocation storage inside grains [2, 3]. Therefore, a univer-
sal strategy to remarkably enhance/improve the mechanical properties and thermal stability 
of these NS materials is to manipulate their multihierarchical microstructures by embedding 
atoms/clusters or nanoparticles in grain interiors to increase dislocations storage and at GBs 
to prevent grain growth by reducing GB mobility [74]. Fortunately, alloying opens an avail-
able avenue to achieve such an idea about microstructure-sensitive design to improve materi-
als’ properties by tuning solute distributions, in particular, GB segregation, in NS thin films 
to achieve thermodynamically stable or metastable states [75–81]. The addition of an alloying 
element has fundamental thermodynamic implications for NC metals, which can explain the 
unique ability of alloyed systems to exhibit fine-grained structures [8–13, 75–81]. Specifically, 
Schuh’s group [11–13] recently developed a theoretical framework for a regular NC solution 
(RNS) that incorporates GB segregation and further built an insightful nanostructure stability 
map for design alloys with positive enthalpy.
In what follows, we mainly address alloying effects on microstructural evolution on the one 
hand, and on the mechanical properties on the other in three categories of typical binary 
Cu-based film systems, i.e., Cu-Zr, Cu-Al, and Cu-W. This division of three typical binary 
systems is based on the consideration of mixing enthalpy (Hmix) and the conventional bulk binary diagram under equilibrium states (at RT), and can be extended to other systems like 
Ni-based binary alloy.
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4.1. Alloying effects on microstructure and mechanical properties in the Cu-Zr model 
system
In such system that has a very negative enthalpy of mixing, only elemental Cu and interme-
tallic Cu-Zr phases coexist at room temperature under equilibrium state. However, nonequi-
librium MS can result in the coexistence of solute (Zr) atoms/clusters, Cu-Zr intermetallic 
particles, and Cu-Zr amorphous phase in the as-deposited alloyed thin films to achieve mul-
tihierarchical microstructures, thereby facilitating the combination of high strength and 
ductility.
Zhang et al. [82] systematically investigated the microstructural evolution, mechanical prop-
erties, and deformation mechanisms of NS Cu thin films alloyed with Zr. It is found that Zr 
addition significantly changes the microstructures of NS Cu thin films. A strong (100) texture 
observed in the pure Cu film is strongly suppressed while the (110) texture is favorably pro-
moted in the Cu-0.5 at.% Zr and Cu-2.0 at.% Zr films. When the Zr content is up to 8.0 at.%, 
the (100) and (110) peaks disappear and the (111) peak is also highly weakened, associated 
with an obvious amorphization tendency. The underlying reason for the change of crystal-
lographic orientations of Cu-Zr alloyed thin films can be attributed to the effect of reduced 
GB energy caused by GB segregation on the competition between surface energy and strain 
energy [82].
Along with the crystallographic orientations change, the GB microstructures of Cu-Zr alloyed 
thin films also change with Zr doping, as displayed in Figure 9. Zhang et al. [82] uncovered 
that in the Cu-0.5 at.% Zr film, some nanosized Cu10Zr7 precipitates occasionally observed at the GBs, as indicated in Figure 9(a) and (b), associated with notable GBs segregation of Zr, 
Figure 9. Representative TEM and HRTEM images demonstrating the architectured microstructures in the Cu-0.5 at.% 
Zr (a, b), Cu-2.0 at.% Zr (c, d), and Cu-4.0 at.% Zr (e, f) films. (g) The 3DAP image of the Zr segregation at the GB and 
the variation of concentration of Zr at different position along the line. Figure subparts (a–f) are taken with permission 
from Ref. [82].
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see Figure 9(g). Actually, besides having an important role in reducing GB energy, GB seg-
regation can drive the formation of new interfacial structures at the GBs. In the Cu-2.0 at.% 
Zr film, discontinuous amorphous phases are frequently observed at the GBs, as indicated in 
Figure 9(c) and (d). When the Zr addition is up to 4.0 at.%, GBs are unclear and continuous 
amorphous phase is distributed along the GBs, as shown in Figure 9(e) and (f). Their TEM 
findings are consistent well with the XRD results mentioned above that Zr addition in host 
metal of Cu tends to induce amorphization.
Apart from the amorphization tendency and grain refinement, another significant change 
in microstructure caused by the Zr addition is the twinnability in the Cu films. Somewhat 
soluble Zr atoms reduce the SFE and thus increase twinning propensity, while excessive Zr 
addition induces sharply reduced twinning propensity. The dependence of twinnability on 
Zr addition was rationalized from the mechanisms of annealing twins by these authors [82], 
including (i) the successive and random emission of Shockley partials from GBs, and (ii) the 
GB migration mechanism accompanied with twins formation. However, the twin thickness 
monotonically decreases with increasing Zr contents in a fashion as same as the grain size. 
Furthermore, Zhang et al. [82] unambiguously demonstrated that the architectured micro-
structures, in particular, the GB complexions, significantly influence the mechanical prop-
erties, such as strength/hardness, ductility, and fatigue lifetime of NS materials, addressed 
below.
The most striking finding in their experiments [82] is that Zr addition offers exceptionally 
high values of both strength and ductility for the NS Cu thin films and both the strength/hard-
ness and tensile ductility reach peak values at 0.5 at.% Zr addition, as shown in Figure 10. 
With further increasing Zr contents, the hardness shows slow reduction whereas the ductility 
exhibits sharp reduction. The high strength stems from various contributors, including solid 
solution (clusters) strengthening [83], GB solute segregation [84], Zener drag effect [85, 86], 
and GB/TB strengthening [3], in addition to the contribution from amorphous phase in high 
Zr contents samples [87–90]. The remarkable enhancement in ductility of the Cu-0.5 at.% 
Zr film stems from the stress-driven grain growth via twinning mechanism, displayed in 
Figure 11, like that in the pure ED Ni foils [37, 71] mentioned in Section 3. This is an indirect 
effect of Zr doping that benefits the emergence of (110)-oriented grains, leading to random 
crystallographic orientations, i.e., coexistence of (111), (100), and (110) grains, whose coopera-
tive interaction is known to facilitate grain coarsening. This new finding in Cu-0.5 at.% Zr 
thin film challenges the conventional wisdom that improving the strength of a metal alloy is 
always a tradeoff that results in a loss of ductility—the property that allows a metal to deform 
without fracture.
Also, Zhang and his colleagues [82] explored the mechanical fatigue properties of these 
deposited Cu-Zr alloyed thin films. The NS Cu-Zr thin films were cyclically strained under 
different total strain ranges and the strain range Δε versus lifetime N
f
 curves were experi-
mentally determined for the Cu films with different Zr addition, as shown in Figure 12. All 
these films exhibit the dependence of N
f
 on Δε that could be well described by the Coffin-
Manson relationship:  (Δε / 2 ) =  ε 
f
   (2  N 
f
  ) C , where ε
f
 and C are the fatigue ductility coefficient and 
exponent, respectively. At the strain range of 0.5–3.0, the Cu-0.5 at.% Zr film always displays 
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the greatest fatigue lifetime among all the films while the pure Cu film manifest the shortest 
one. The fatigue resistance of NS Cu films is notably enhanced via either GB segregation of 
Zr atoms/precipitates or amorphous phase formation of Cu-Zr, resulting in retardation of 
fatigue damages. Different from the uniaxial tension test, the amorphous phase plays a crucial 
role in the prolonged fatigue lifetime through depressing microcrack nucleation and through 
the arrest of intergranular cracks. Although previously atomistic simulations [87] showed 
that the nanoscale amorphous intergranular phase as a structure feature plays a critical role 
in toughening NS materials, as verified in crystalline/amorphous Cu/Cu-Zr nanolaminates 
[88–90], the presence of amorphous phase in Cu-Zr alloyed thin films apparently deteriorate 
their tensile ductility, as least at high Zr additions. This GB complexion effect on the mechani-
cal properties is quite interesting and requires further work to reconcile the current discrep-
ancy. Still, postmortem TEM observations in the fatigued Cu-Zr thin films verified that the 
occurrence of stress-driven grain growth under fatigue conditions, as same as that in tensile 
deformation. These findings show that the fatigue of thin metallic films remains a very attrac-
tive field of research due to the possible complex interplay of the possible deformation and 
fracture mechanisms.
4.2. Alloying effects on microstructure and mechanical properties in the Cu-Al model 
system
In this miscible system with Hmix close to zero, solute (Al) has a significant solid solubility in the host metal (Cu), and consequently, only a weak segregation tendency. The mis-
cible solutes inside grains, in principle, allowing certain material properties to be finely 
Figure 10. Dependence of yield strength (3σ
y
 = Hardness) (a) and ductility characterized by the critical strain to nucleate 
microcracks (ε
C
) (b) on Zr content. Four regimes (I, II, III, and IV) are divided which correspond to four different 
microstructures in the Cu, Cu-0.5 at.% Zr, Cu-2.0 at.% Zr, and Cu-Zr (Zr > 4.0 at.%) films, respectively. Figure is taken 
with permission from Ref. [82].
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tuned: The nucleation of partial dislocations, for instance, is stimulated by miscible solutes 
through markedly decreasing the SFE of the host metal [91]. For example, as NS Cu films 
is alloyed with Al, more nanotwins with thinner thickness are observed in the as-deposited 
Cu-Al thin films with lower SFE or higher fraction of Al [92, 93].
Figure 11. (a) A representative planar TEM image showing the grains in Cu–0.5 at.% Zr film stretched to 18% to 
demonstrate the increase in grain size. (b) Statistical results on the grain size evolution with applied strain in the pure 
Cu, Cu-0.5 at.% Zr and Cu-2.0 at.% Zr films. (c) Representative color-coded inverse pole figure maps from the Cu-0.5 
at.% Zr film before deformation (left) and after stretching to ε
C
 (right), respectively, with color coding at the lower right 
corner. Grain growth can also be observed by comparing the images before and after deformation. (d) Corresponding 
orientation distributions presented as an inverse pole plot, which can be used to show the variation in orientation. Figure 
is taken with permission from Ref. [82].
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Recently, NS Cu films with different Al additions (0, 1, 5, and 10 at.%) were prepared by MS 
to investigate the effect of lowering SFE on microstructures and mechanical properties by 
Zhang et al. [92]. It is found that the Al addition motivates nanotwin formation, and promotes 
(111) but depresses (100) texture. With increasing Al contents, along with the refinement of 
grains, the morphologies of nanotwins transformed from parallel nanotwins in pure Cu to 
multiple nanotwins in Cu-5 at.% Al and to intersected nanotwins network in Cu-10 at.% Al, as 
shown in Figure 13 as insets. Concomitantly, these Cu-Al alloyed thin films exhibit increased 
strength/hardness and reduced ductility with Al contents, namely, the Cu-Al films suffer 
from the strength-ductility tradeoff. Nevertheless, a good combination of hardness/ductility 
(6.2 GPa/6.3%) is achieved in the Cu-5 at.% Al film, which can be ascribed to the combined 
effect of texture and nanotwins [92]. At the same time, Heckman and coworkers [93] syn-
thesized fully NT Cu-Al alloyed thin films with columnar grains and showed an increased 
strength of up to ~1.5 GPa that was closely related to the decrease in grain size or increase in 
Al content. Moreover, the ductility could be improved with decreasing the nanotwin thick-
ness [93]. Except for the amorphous phase reinforced effect, all the strengthening mechanisms 
mentioned in the Cu-Zr model system play important roles in the strength of Cu-Al system. 
Also, Schäfer et al. [91] suggested that the details of the element distribution in the GBs are of 
great importance for the yield strength of the miscible alloy. The initial energetic state of the 
GB controls the barrier for the onset of deformation mechanisms, which is correlated to the 
maximum strength. Specifically, the formation of stacking faults and coherent TBs leads to 
material softening at high strains, because they provide additional dislocation sources. This is 
similar to that in pure Cu [21] and Ni [37] with very thin twins.
Figure 12. Dependence of the fatigue lifetime (N
f
) on the strain range (Δε) for pure Cu and Cu-Zr alloyed thin films. 
Figure is taken with permission from Ref. [82].
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In order to investigate the GB character evolution associated with the observed grain growth 
in this binary system, Brons and Thompson [94] carried out the in situ TEM observations on 
a sputter-deposited Cu-20 at.% Ni alloyed film that was annealed within a TEM equipped 
with the PED. It is found that alloying leads to a preferential evolution of particular grains. 
The onset of annealing resulted in multiple textures and grain growth evolution. It is clear 
from these results that significant differences in coincidence site lattice (CSL) boundary evo-
lution occurred with the addition of Ni to the Cu thin film. The boundary fraction of Σ9, for 
the alloy film, was a factor of five larger than the pure Cu film and these boundaries were 
notably bounding several (but not all) of these larger grains. Additionally, Σ11 boundar-
ies showed an increase in their fraction as compared with the elemental Cu grain growth 
evolution. They proposed that the Ni additions occupied subinterface sites as a result of 
higher surface tension of Ni which impedes other CSL boundaries motion [94]. Though 
solute segregation has been proposed as an efficient and effective way to stabilize NC grain 
structures (e.g., in Ni-W films [83]), solute preference to specific CSL boundaries can result 
in abnormalities in grain growth and lead to destabilization of the grain structure (e.g., in 
Cu-Ni films [94]). These results suggest that the GB segregation is much more complex. 
However, most previous numerical studies arbitrarily place solute atoms at GBs to deter-
mine their effect on GB energy [95–98], only some limited studies have been conducted 
to study the correlation between the CSL boundaries and solute segregation [94, 99, 100]. 
Therefore, further works are urgently needed to focus on how GB character is influenced 
with solute alloying.
Figure 13. The strength-ductility tradeoff in Cu-Al alloyed thin films from literatures [92, 93]. Insets are the corresponding 
internal feature of Cu-Al films prepared by Zhang et al. [92].
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4.3. Alloying effects on microstructure and mechanical properties in the Cu-W model 
system
It is well recognized that the Cu-W system is an essentially immiscible one characterized with 
a quite positive Hmix of about +22 kJ/mol. There does not exist any Cu-W compound in its equi-librium phase diagram. Actually, for the most studied immiscible binary alloyed films (such 
as Cu-W [101], Cu-Cr [102], and Cu-Ta [103]), nonequilibrium NS alloys, i.e., supersaturated 
solid solutions (SSSs), can be obtained by MS. Compared with the elemental (Cu) thin films, it 
is normally expected that the marked solute segregation that alters GB characters could occur 
and the solute drag effect could yield smaller grains [8, 12], both of which affect the propen-
sity of nanotwin formation in binary Cu-based thin films.
Vüllers and Spolenak [101] recently prepared the “immiscible” Cu-W thin films with dif-
ferent W contents on silicon substrates using MS, and clearly demonstrated that these NC 
Cu-W thin films transit from the SSSs in a metastable as-deposited state to fully phase sepa-
rated interpenetrating networks after annealing at 750°C, as shown in Figure 14. The W addi-
tions notably change the microstructural configurations of crystalline Cu thin film that has a 
distinctive columnar superstructure consisting of large numbers of partially even equiaxed 
grains and occasionally occurring twins, in the as-deposited state. While the columnarity 
dominant for pure Cu is still present in a 5 at.% W film, the subordinate structure making 
up the single columns in the pure Cu cross-section cannot be observed any longer. Films of 
higher W contents up to and around 30 at.% W do not exhibit a distinct crystalline structure 
in the as-deposited state. Subsequently, they measured the hardness and modulus of these 
Cu-W thin films as function of the W content at different states. It can be deduced that W 
content strongly influences the film’s mechanical performance. As a whole, both hardness 
and modulus increase with increasing W contents, as shown in Figure 14. However, they did 
not perform quantitatively calculation of the strength of Cu-W thin films. Harzer et al. [102] 
quantitatively evaluated the hardness of metastable Cu-Cr alloyed thin films which are stable 
below ~170°C, and further correlated it with respect to film compositions and grain sizes in 
Figure 14. (a) Cross-sectional SEM images (BSE) of as-deposited and annealed Cu-W thin films (left). (b) Hardness 
and reduced Young’s modulus as function of compositional fraction of W with standard deviation error bars for the 
as-deposited and annealed states (right). Figure is taken with permission from Ref. [101].
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terms of several strengthening mechanisms. They concluded that the hardening of the Cu-Cr 
films is mainly caused by grain size refinement whereas the effects of solid solution hardening 
can be neglected. Nevertheless, they did not consider the contributions from the global effect 
of solute atoms on the matrix [83] and GB segregation [84] to the measured hardness.
Numerous atomistic simulations have demonstrated that GB segregation can remarkably sta-
bilize the grains and enhance the strength/hardness of alloyed systems, such as Cu-Ta [15] and 
Cu-Nb [84]. Using molecular dynamics simulations with an angular-dependent interatomic 
potential, Frolov et al. [15] investigated the Ta doping effect on the barrier for grain coarsen-
ing and robust performance of NC Cu-6.5 at.% Ta alloys. It is found that Ta segregation at 
GBs notably increases structural stability and mechanical strength, compared with their sib-
lings with a uniform distribution of the same amount of Ta. With increasing temperature, the 
Ta atoms agglomerate and segregate at GBs in the form of nanoclusters. These nanoclusters 
effectively pin GBs and thus prevent grain growth. Vo et al. [84] also revealed that alloying 
additions that lower GB energy were found to dramatically increase the yield strength of the 
alloy, with dilute Cu–Nb alloys approaching the theoretical strength of Cu. Their findings 
indicate the strength is not controlled by the grain size alone, but rather by a combination of 
both the molar fraction of GB atoms and the degree of GB relaxation, as captured via a new 
strengthening model for the NC materials. Based on the finding that strength increases with 
Figure 15. Cross-sectional (a) and planar-view (b) HAADF-TEM images of the annealed Cu(W)-14 thin film. The 
planar-view TEM image shows the prevailing columnar morphology with relatively broad grain (column) boundary 
regions between the columns. EDS analyses (c, d) performed by TEM reveal an inhomogeneous solute atom distribution 
indicating the nanoscale decomposition process. Figure is taken with permission from Ref. [104].
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increasing atomic volume of the solute, they also predicted the possibility of achieving a theo-
retical strength in Cu by doping suitable solute atoms [84].
In parallel, Csiszár et al. [104] investigated the stability of NT Cu-W alloyed films during 
annealing in the range of 30–600°C, compared with their Ni-W and Ag-W NT siblings. A 
major, microstructural difference observed for all films upon annealing is the redistribution 
of the alloying element (W) content. In the case of Cu-14 at.% W, a significant redistribution of 
W was detected by TEM and EDS (see Figure 15), similar to the case of Ag-13 at.% W film but 
far different from that of Ni-12 at.% W film associated with a redistribution of the W atoms on 
an apparently very fine spatial scale. Their TEM analysis shows that an obviously nanoscale 
phase separation emerges throughout the Cu-14 at.% W film (see Figure 15). The size and 
the composition of the nanoinclusions at the GBs and in the grain (column) interiors are dif-
ferent, see Figure 15(d). At the GBs, the average precipitates (rich in W) have dimensions of 
about 5–6 nm in diameter and in the grain interiors the precipitates (rich in Cu) are twice as 
large, see Figure 15(d). Interestingly, the TBs are largely preserved in Ag-W and Ni-W films, 
whereas they completely disappear in Cu-W films. They attributed this unique phenome-
non to an altered faulting energy, due to change in the amount of W segregated at TBs and 
to the evolution of nanosized precipitates [104]. This systematical, representative study of 
W-alloyed, heavily faulted NS thin films not only provides deep insights into understanding 
the atomic interactions in the binary alloyed films with high positive Hmix like Cu-W system, but also benefits us to tune their microstructural stability and mechanical properties in future.
5. Summary
The metallic thin films become essential structural materials in micro- and nanodevices and 
refining grain size into nanoscale indeed can notably increase their strength and strain-rate 
sensitivity, whereas they undergo the strength-ductility tradeoff on the one hand and suf-
fer from unstable microstructure, i.e., grain growth, on the other. How to defect the conflict 
between strength and ductility and simultaneously retain highly stable microstructure is a 
grand challenge in the material community. The GB segregation engineering seems to open 
a promising avenue for the design of alloyed thin films with superior property combinations 
by tuning their multihierarchical structures utilizing alloying additions. The twinning-medi-
ated grain growth is a novel and effective method to toughen the NS FCC metals and alloys 
with exceptionally high values of both strength and ductility. The effects of GB complexions 
on static and dynamic properties are far different in the alloyed thin films, and more works 
require to be performed in the future.
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